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INTRODUCTION 


By order of the Government, the Swedish Geotechnical Institute has to carry out in- 
vestigations in the valley of the river Gita Alv in south-western Sweden, where several 
landslides have occurred and which will no doubt be subject to further slides, the soil con- 
ditions being under perpetual altering processes. It was mainly in this connection that it 
proved necessary to examine old and new methods of testing clays, as they formed no uni- 
form pattern, and to carry out additional research on the question of the shearing resistance 
of soft clays. In the following, there will also be a brief description of the background to 
the testing and calculation methods in use, in order to show that care must be exercised 
when evaluating test results. 

Moat clays in Sweden, being of quaternary origin, are normally consolidated, but slightly 
underconsolidated and more or less overconsolidated clays can also be found. Clays with 
distinct varves of coarser materials are not included in the investigations described, 

As characteristica of a clay the Atterberg limits are often used, i.e. the liquid limit 
wi, the plastic limit wp, and the difference between them, the plasticity index ly: This 
index roughly corresponds to the hygroscopicity or the apparent fineness of the soil or also 
the total area of the particles. In Fig. 1 the index Ip of a number of clays is given asa 
function of the limit wy, in a Casagrande plasticity chart. As can be seen in the Fig. the 
clays behave similarly to thowe {rom Boston, Detroit, Chicago and Canada. Instead of the 


WL-value one can use the fineness number wy (obtained from the fall-cone test), which 
within certain limits correspond to each other. 

Two common complications influencing the strength and the consolidation are the ar- 
tesian pressure and the occurrence of quick clays, often appearing on the same site. 

When stability calculations began to be used in Sweden, there already existed the 
Coulomb formula for the shear strength Tt; of soil 


Tr = tang (1) 


where ¢ cohesion 
7, = normal stress in a failure surface 
> angle of friction 


As a atart, in order to simplify the computations, one used a suitable measure of friction. 
This friction was thought to vary to include cohesion (S. HULTIN, 1916). The normal stress 
was corrected for the uplift of water and, as a second step, also for the influence of the 
pressures between the elements of the sliding body, see alao W. FE LLENIUS (1929). 

Soon the use of an apparent cohesion came to replace the friction methods, and from 
investigations made by WESTERBERG (1921) on clay specimens, it was found that the speci- 
mens behaved as a cohesion material. The cohesion method, the foremost Swedish advocate 
of which has been J. Olsson, is often called the ¢ = O method in international usage. 
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Plasticity chart for some Swedish clays (similar to glacial clays from Boston, 
Detroit, Chicago and Canada). 


Later on the Coulomb formula was modified to 


Tp + - (2) 


where c” = apparent cohesion 
u © pore water pressure in a failure surface 
angle of apparent friction 


Terzaghi pointed out the importance of pore water overpressures and their influence on 
strength. 


COMMON QUICK TESTING 


The Fall-Cone Test 

As a test method, the fall-cone test was developed about 1915 (OLSSON, 1919). This was 
calibrated to full-scale tests on piles and to landslides that had occurred. Interpretation to 
shear strength was not published to begin with, one referred to earlier experiences. The 
evaluation was somewhat on the safe side, and a certain reduction from normal cases was 
found necessary for organic clays. The present author wishes to lay stress upon the fact 
that the evaluation of the cone test together with the Swedish slip circle calculation had 
proved its value in a great number of cases and thus constituted a method based on 
experience, see e.g. HELENELUND (1953). 


However, interpretations of cone-test values into shear strength were given by SKAVEN- 
HAUG (1931) and, for Swedish clays, by T. HULTIN and CALDENIUS (1937-38). Later on the 
Institute made certain investigations into the test (HANSBO, 1957), showing, among other 
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things, the importance of the sampler used. In the last-mentioned investigation the fall-cone 
was calibrated to the vane borer, for which reason it is necessary to modify the safety 
factors earlier used, 

One aim for these recent testa was to confirm the importance of the cone test and the 


weaknesses of the unconfined compression test for Swedish soft clays (see next paragraph). 


The Unconfined Compression Test 
The unconfined compression test is also used in Sweden, but the results often deviate 
very much from likely values, Thiea is caused by disturbances mainly due to the sampler 
used and especially marked in sensitive clays (see. e.g. KALLSTENIUS, 1954) 
For the discussion and using the expressions for stress relations we rewrite the formula 
(2) to 
@ + (Oy u) sing’ 


0; ENT, 1 win (4a) 


as usual, or 


+ (Oy u) sing’ 
~ Ay) 1 + sing’ 


where Oy major principal stress 


minor principal stress 


(O; - deviator stress at failure 


In the equations, when O's is zero, the left-hand member stands for half the unconfined 
compressive strength. If lateral expansion is possible, 0, can also be given a certain 
value. In this case it has been shown that ( 0; - Oy), is nearly constant, which from equa- 
tions (3a) and (3b) must mean ¢° 0, |.¢. cohesion, if the Coulomb formula is at all sui- 
table for use. 

The tests performed by A. CASAGRANDE & WILSON (1951) will be recalled, showing a 
reduction of compressive strength with loading time. The rate of reduction was less for the 
Mexico City clay (wy, = 400%) than for the other clays tested and about 10% in 8 hours. 
This indicates that the permeability has an influencing effect. 

For clays not very sensitive the unconfined compression test can be used with success 
(for slopes, see e.g. TERZAGHI & PECK, 1948). 


The Vane-Borer Test 

The vane borer now used allows rather undisturbed testings even at great depth, some 
‘experience from instable slopes corresponding well with test results (CADLING & ODEN- 
STAD, 1950). There are others (e.g. SEVALDSON, 1956) who have also found good agree - 
ment when interpreting certain failures that had occurred. 

In the vane borer failure surface roots or shells may be embedded, giving false values. 

A fact worth noting is that the vane test for Swedish clays has given somewhat higher 


results, as can be seen in the following, than other tests from abroad, see SKEMPTON 
(1953) and recently MAC DONALD & KENNEY (1959). This question will be examined later 
on. A certain reduction should however be recommended for organic clays. The test is, 
nevertheless, often supposed to be the best one for determining the strength at quick testing. 
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Fig. 2 
Theoretical slip surfaces around cross section of iskymeter body. 


Other Test Methods 

There are other test methods giving results of the same kind as the above, among others. 
the iskymeter, the "A-sond" and the "Geocel",. 

The iskymeter consists of a resistance body (KJELLMAN, 1943) which, shut up, is 
pushed down into the soil by means of a sounding rod. When the desired depth is reached, 
the body is opened while being pulled up by means of a wire-rope connected to an apparatus 
on the ground recording the resistance P. Fig. 2 shows section of the body and hypothetical 
slip surfaces around it. In the Fig, the shearing stress Th is varying. and k is the ratio 
between horizontal and vertical stresses. The present author has deduced a formula, then 
put all coefficients found as unknown factors and finally by means of the method of least 
squares compared these with results computed from vane borings. Then. the shearing 
resistance T; was found to be 
0.092 + 0.2 Le - 


t (4) 


where Oay ~ resistance stress on the surface of body 


Zo natural shear stress in ground - /2 
S, = sensitivity 


As can be seen from the formula. a value of the sensitivity S, must be used, about two thirds 
of the slip surfaces being affected by disturbances. Fig. 3 shows ordinary results from an 
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Results from shear strength determinations by iskymeter, vane borer and fall-cone; 
Gota River Valley, Strandbacken, Section XV. Bore hole 92. 


iskymeter measurement, where the strength of soil has also been determined by means of 
vane borings and cone tests on samples. If the sensitivity is not measured, one may assume 
an average value, in Sweden often between 8 and 10. If the sensitivity varies between, say. 
4 and 200, the error thus introduced may be 20% in extreme cases. 

The iskymeter is especially valuable in that it gives a continuous and smooth recording 

curve, i.e. probably a better picture of the variations than other apparatus, besides being 
very cheap in use. If the safety for the actual case is small, complementary measurements. 
primarily for the sensitivity, can be performed at suitable points. 
_ A useful apparatus, recently introduced, is the so-called A-sond, which consists of a 
screw, put into the soil, and afterwards pulled upwards. During the pulling the resistance 
is measured, The screw consists of two parts, one of which has a certain dead travel 
whereby the shear resistance can be recorded. Specimens can also be obtained (the soil 
between the threads) for determining the remoulded strength, the Atterberg limits. etc. 
Fig. 4 shows results from A-sond measurements in quick clays and some parallel testings 
(observe the differences in strength round about the elevation ' 0, between laboratory and 
insitu measurements, obviously depending on disturbances of samples). 

The MENARD (1957) Geocel, studied in the valley of the Géta Alv. also gives results 
worth studying. 
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Results from shear strength determinations by helical soundings and other methods; 
Géta River Valley, Strandbacken, Section IV, Bore hole 110. 


General Remarks on Common Quick Testing 


From investigations made by Terzaghi, A. Casagrande and others, the degree of con- 
solidation of clay can be estimated rather satisfactorily. 


It is obvious that the strength of clay, here called c, should normally be a rectilinear 
function of the overburden pressure p (consolidation pressure), The ratio c/p was investiga- 
ted by Skempton and found to increase with the plasticity index for marine clays. Others, 
too, (BJERRUM, 1954; HANSBO, 1957) found similar relations. WU (1958) suggests that 
the c/p-ratio could be dependent upon the microstructure of the clays. KENNEY (1959) hus 
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discussed Wu’s paper and plotted some interesting curves of the c/p-ratio as a function of 


the I, - values, but has used the modified Coulomb formula, 


However, the present author is of the opinion that a moderating effect must manifest 
itself at high values of Ip. Therefore a compilation was made of some Swedish test results 
from vane borings. It can be mentioned that some values of Qc/ Ap. compiled by L, 
Cadling, of the Institute, also fit in the figure. For broadening the range of Ip. some Mexican 
results calculated from a report by MARSAL (1957) are plotted in Fig. 5. which also in- 


cludes the Skempton-Bjerrum curve. 


It should be observed that the Swedish results concern clays mostly sedimented in salt 
water, but also in brackish or even fresh water, the Mexican clays in fresh water. The 
results may not be referred to a unique relationship, thus the marine clays perhaps cover a 
rising curve with a maximum. It is, however, atill too early to be able to state this with 


any certainty. The region of results seems to have a trumpet-like shape. 


In this connection, it may be pointed out that field and laboratory results should be 
plotted separately. After a primary consolidation a secondary settlement occurs, especially 
noticeable in the case of high plasticity clays. As the clays are more compact, it sounds 
reasonable that the strength will increase during this process, in spite of the fact that the 
effective stress during this period is nearly constant, At Viisby, about 30 km north of 
Stockholm, a field test on consolidation in a drained area is being carried out where secon- 
dary settlements are now in progress, the pore overpressures in the area being negligible. 
Fig. 6 gives the results of vane borings at different occasions, showing a strength increasing 


with time during the secondary settlement. 


In practice, a certain phenomenon can be observed during the primary period, which 
seems to verify this effect. The rate of strengthening as a function of the effective stress is. 
in fact, not so high as can be found in the laboratory under the same degree of consolida- 
tion at parallel testing. At the test field of Ska-Edeby, for instance, about 20 km west of 
Stockholm where another field test is being carried out, the increase of shearing resistance 
(vane test results) was 20% of the increase of effective vertical pressure, 30% being normal 
for the clay in question at the same degree of consolidation. These results do not seem to 


indicate unique relations between strength and effective pressure of the clays. 


Moreover, the natural structure (particle orientation and pattern) and state of density 


should exert a strong influence, especially at low plasticities. 


When a shear test result is to be used, this should be compared to the strength being 
normal for the overburden pressure and existing plasticity properties. If test results and 
values thus calculated differ greatly, it is necessary to find out the reason, which may be 
artesian pressure or a certain degree of consolidation, etc., and which can influence the 
stresses to be allowed. On these stresses the creep and other long-term effects must be 


taken into consideration, especially for organic clays. 


Theories and Recent Studies 

The behaviour, and primarily the angle of friction, of the clays at unloadings is discussed 
by many authors, among others Hogentogler, who has given this angle different values at 
different loads. 
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Fig. 6 


Increase of strength (vane test) with time during the secondary consolidation pro- 
cess in a drained test field at Visby near Stockholm. 


From investigations made by HVORSLEV (1937), the following formula was found 
Tr = ce + ( On - tan (5) 


where Ce = "true" cohesion 


$e = angle of "true" friction 


In this formula, ce depends on the consolidation pressure (void ratio at failure). 

SKEMPTON (1945) has discussed some differences between the modified Coulomb (Eq. 
2) and the Hvyorsley (Eq. 5) formulas, choosing in practice the Coulomb formula. GIBSON 
(1953) has given some values for shear box tests of the apparent angle, jy in the case of 
drained (slow) tests and Pou in the case of consolidated undrained (quick) tests, and the 
"true" angle of friction which is given certain corrections for dilatanoy and marked $,, 
all of them as a function of the plasticity index Ip. 

Recently, some important strength questions have been dealt with, for instance ROSCOE, 
SCHOFIELD & WROTH (1958) have discussed the possibility of a critical void ratio line, 
and ROWE (1957) has pointed out a kind of creep limit. KEZDI (1958) discusses the rate 
of creep, which should depend on the difference between shear existing and creep stress 
limit. The problem of the "natural" angle at earth pressure has been taken up by TSCHE- 
BOTARIOFF and others (1956) and SCHMID (1957), who have introduced an angle oe, 
which stands for the so-called consolidated equilibrium. 

Some other studies will also be mentioned below. 
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SLOW TESTING AND CONSOLIDATED QUICK TESTING 


The Shear Box Test 

When testing a soil in a, shear box, one will usually find a rectilinear relation between 
shearing resistance and normal stress for normally consolidated clays. This relation line 
usually passes the origin. 

Normally, the test is performed as a quick test (which may almost be regarded as an 
undrained test) or as a drained slow test. In both cases one starts from a degree of con- 
solidation which, at small loads, can be within the range of overconsolidation. 

Fig. 7 shows, as a function of ly test results of the ratio between shear strength and 
consolidation pressure, found from some Swedish clays in consolidated quick tests, the 
apparent angle of friction here called @ y. Also to be compared are the two curves plotted, 
the Gibson curve and another from 8ZILVAGYI (1955). For the soft clays referred to here 
one finds a rather constant value of the angle of friction, about 17-18°. However, both higher 
(for organic and postglacial clays) and lower values are recorded. The structure and state 
of density should also exert an influence here, especially at low plasticities. The region of 
results plotted in the Fig. forms a trumpet-like shape. 

Terzaghi & Peck recommend the use of the quick shear tests for fill in embankments. 

When studying the slow test, it is obviously found that the major principal stress in- 
creases during the experiment, as has been pointed out by, e.g., BOROWICKA (1958). As is 
often the case (the magnitude of consolidation is dominated by this stress) water must 
squeeze out. When the angle of friction utilized is higher than the "true" angle, the de- 


formation greatly increases, until ultimately the rate of deformation increases infinitely. 
Because of these changes, it may be discussed whether or to’what extent the correction for 
dilatancy work at failure covers a shearing piece of work or if it is dissipated by squeezing 
out water (cf. HVORSLEV, 1953), and by changing temperature. 

Fig. 8 shows, as a function of Ip. some results of the ratio between shear stress and 
consolidation pressure, found from Swedish clays during slow tests, the apparent angle of 
friction here called @’. The Gibson curve plotted is also to be compared. The test results 
from the soft clays referred to here indicate a rather constant value of the apparent angle 
of friction, about 22-239, 

If the time of drainage is long enough, the tan ¢’ -values thus found most probably define 
some true property of the soil tested. The use of the tan ¢’ seems, however, more com- 
plicated than the use of the tan P ou -values, since the excess pore pressure, arising at fai- 
lure, is not known. The time of failure in the case of soft clays apparently does not allow for 
drainage. 


The Triaxial Test 
In recent years it has been popular to perform triaxial tests, the evaluation of which is a 
little intricate. In this test, too, the rectilinear relation seems to hold true within the range 
of normally consolidated clays. There are mainly two methods used. 
One method is to expose the test specimen, after being consolidated in the triaxial appa- 


ratus for an overall stress 0. (often equal to @3, in extreme cases anisotropic), to an 


increased load Qj until failure occurs. The pore pressure on the surfaces of the specimen 
is recorded. It has been observed that this test, analyzed by the common method, gives 
values that are too high, see e.g. BRINCH HANSEN (1958). 
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The results are often treated in some graphical way, giving a certain correction to the 
rough values, as shown in Fig. 9. The usual way of doing this leads to an apparent relation 
between shearing resistance and effective stress. However, this does not bring about the 
true correction in the sense of the Hvorslev formula, the cohesion included belonging to the 
equiv.cons. pressure. And - what is more important in this case - it gives values which do 
not fit in the case of Swedish clays. As an example, angles of up to 41° were obatined for 
very soft clays, which cannot reasonably be correct. Therefore, an alternative attempt to 
interpret the results is made in the following way. 


The Hvorsley formula (5) is transferred into (using Krey-Tiedemann failure condition) 


Ti = + One tan be -[u- (I, -M%ed] tan $, (5a) 
where  {* = the consolidation pressure in question, 


We wish, however, to find the corresponding expression when no pore pressure exists 
(normally consolidated state). To the equation (5a) will then be added the quantity 


% - | tan ge (6) 


and thus we find the actual relation 


+Oe- Ce + tan $e (7) 


The graph of this formula is shown in the Fig. It may be questioned what magnitude of the 
"true" angle of friction should be used. However. an error of that angle will be further re- 


duced as can be seen in the Fig.. a rough value thus being better than no correction of ?’ ; 


The other method to establish the triaxial test can be either a drained consolidated test 
(for Swedish clays usually leading only to continuous plastic deformations) or a drained test, 
where the minor principal stress is decreased (keeping u = 0). thus a failure in the range of 


overconsolidation. In the latter alternative, some corrections of the above nature must 
also be made. 


The results of some determinations are plotted in Figs. 7 and 8. When calculating the 
various points. the values of correction angles >. are taken from the Gibson curve for 
dr. The values derived in this way nearly coincide with the shear-box results. The points 
for quick clays and the Mellésa tests. however. must be taken with care. the latter showing 
some creep. 


Influence of the Consolidation Pressures 
As mentioned above, the test specimen is often consolidated in the laboratory for an 


all-around pressure pe In nature, the overburden pressure p differs from the lateral 
earth pressure k - p. 


BISHOP & HENKEL (1953) have discussed the question of the influence upon strength test 
results. In carefully prepared undisturbed specimens they found c/p = 0.36. Isotropically 
consolidated undrained test gave c/p = 0.57. The difference may depend on either distur- 
bance from sampling or on the anisotropy of stress. Further research in this question is 
made by LOWE & KARAFIATH (1959). 

For the Swedish tests shown here it was difficult to find a sharp figure of the mention- 
ed influence. Sampling disturbance is, however, a most important factor. For the sake of 
simplicity, the pressure normal to the failure surface is used. 
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"Earth Pressure" Testing 


The reason why a clay consolidates to such a great extent, as is the case, must be that 
the skeleton is not able to resist the burden, Such a view~-point seems to the author to 
provide a possibility to explain and define a creep stress limit. 

It was mentioned above that Tschebotarioff and others (in a very large compressometer) 
had measured a pressure at a kind of consolidated equilibrium. For a Houston clay (wy, « 
92% and 1, = 62), a Princeton clay (wy, = 31 and I, = 7), and a Chicago clay (wy, = 28 and 
Ip = 18) one can calculate an angle po» taken up from the formula 

O1-%  1-k 
i1+k (8) 


For the first-mentioned clay an angle of 17° and for the others 25° 5 were found. 
Similar tests have also been made by others. Rowe collected some "at rest" values and 
plotted them in a diagram with Ip as the abscissa. 
Making a list of the Poe values, they will be found to lie not very far from values said 
to represent the "true" angle of friction. Should this not be a mere coincidence, one could 
presume some possible creep, when the angle utilized is greater than the "true" angle. 


However, results available are too few to allow more definite conclusions to be drawn. 


Notes on Quick Clays 

Quick clay deposits often occur in Scandinavia, in Sweden mostly in the West Coast 
Region, and can be found in layers of varying thickness. Current theories state that the 
high sensitivity is a result of reducing the salt content in a marine clay (leaching effect). 
Thus, by forcing fresh water through a clay specimen, quick clays can be formed. 

Electrical resistance soundings (SODERBLOM, 1957) have been tried to investigate 
quick clay deposits. However, as an example, Fig. 10 shows results from a measurement 
in the field, where the resistance has its lowest value where the sensitivity is highest. 

From a study of sensitivity diagrams in relation to the soil types, the present author 
got the impression that quick clay deposits are often situated close to more permeable 
layers and that water flow could often be present. Figs. 4 and 11 illustrate such cases. 
These observations lead to the contention that it is not only reduction of salt that results 
in an increase of the sensitivity but also that other constituents or chemicals could be 
leached out or even added in some way during the natural processes of ageing. 

This question is being studied at the Institute and it can be mentioned that R. Séderblom 
there has found certain physical and chemical phenomena supporting such contentions. 


Additional Comments 

Fig. 12 shows a diagram with the limits of the region of the above results of "friction" 
coefficients as a function of the plasticity index. The scattering of the results makes it 
difficult to give a sharp figure of the values. The results do not even allow for extrapolation. 

It can, however, be supposed that at small values of Ip, the stability of the inner struc- 
ture (the particle orientation, pattern and state of density) can, in some cases, be hazarded 
at rapid loadings. Thus, sometimes it can be questioned if there is a risk of failure of a 
drained or an undrained nature. It can also be difficult to state a magnitude of the pore 
pressure arising at an intermediate case. In the normally consolidated soft clays of Sweden 
the failures, as a rule, occur rather rapidly. Therefore. the cohesion method here fits. The 
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Extreme case of electrical resistance for a quick clay; Géta River Valley, 
Gita, Section B, Bore hole 16. 


Shear strength Ts 


+10 


Legend 

clay 

fine-sandy clay 

Ww clay with parts 
of plants 

St= sensitivity 

cone = fall-cone test 

vane =field vane test 


Elevation 


Fig. 11 


Diagram showing quick clay deposit and adjoining sandy layer; 
Géta River Valley, Gita, Section B, Bore hole 9. 
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Fig. 12 


Ratio between shear strength and normal stress for some Swedish soft 
clays as a function of plasticity index. 


problem of the accuracy of the Hvorslev formula and the difficulties of its use are thus im- 
portant only in certain cases. 


Moreover, some tests performed indicate that at organic clays the risk of creep (and 
particle orientation) must be taken into consideration, A certain reduction of normally 
allowed stresses can be recommended in such cases. 


In the literature one often finds notes stating that one ought to be careful if the safety of 
a natural slope or of a structure is based on cohesion. Obviously, this must apply in the 
‘case of overconsolidated, fissured clay. Though it is simpler to do so, due to economical 
reasons, this way of treating a problem is not possible in Sweden. Fig. 13 shows the 
strength results of two vane borings, one performed from above the bank slope and the 
other from the bottom of the river of Géta Alv, the Fig. being a most favourable example 
of the experience that the effect of overconsolidation may often remain in the clay, except 
in the upper part of the river bed. Of course there is also the effect of ageing. One has, 
however, a rather long term existence of the cohesion in the very fine Swedish clays, but 
fissures, mainly in the dry crust, and pore water flow, for instance from artesian pressure. 
must be taken into consideration. This question will be studied further. 
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Example of strength determinations from above the bank slope and from 
the bottom of the Géta River; Utby, Section I. 


Summary 

Mainly in connection with investigations of the risk of further landslides in a river 
valley, it proved necessary to make additional research on the strength of soft clays. Some 
preliminary results are reported to encourage discussion on the subject. 


The results indicate, among other things, the value of common quick testing and the 
cohesion method, and the difficulties in establishing a unique relation between strength and 


effective stresses because of the secondary settlements and creep. 


Moreover, some objections to the common way of using the Coulomb formula and of 
treating triaxial test results are raised, and modified values of the apparent angle of fric- 
tion are plotted against the plasticity index. 
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